High Mn steels demonstrate an exceptional combination of high strength and large ductility as a result of their high strain-hardening rate during deformation. The microstructure evolution and strain-hardening behavior of Fe18Mn0.6C1.5Al TWIP steel in uniaxial tension were examined. The purpose of this study was to determine the contribution of all the relevant deformation mechanisms-slip, twinning, and dynamic strain aging. Constitutive modeling was carried out based on the Kubin-Estrin model, in which the densities of mobile and forest dislocations are coupled to account for the interaction between the two dislocation populations during straining. These coupled dislocation densities were used to simulate the contribution of dynamic strain aging to the flow stress. The model was modified to include the effect of twinning. To ascertain the validity of the model, the microstructural evolution was characterized in detail by means of transmission electron microscopy and electron back-scatter diffraction.
I. INTRODUCTION
SEVERAL types of advanced high-strength steels exhibiting high strength and superior formability are being developed for automotive applications to achieve both an improved passenger safety and a reduced weight of the body-in-white. High Mn austenitic Twinninginduced plasticity (TWIP) steel is one of the most promising newly developed automotive steels as a result of its superior combination of strength and ductility. [1] [2] [3] In low stacking fault energy (SFE) austenitic steels, it is generally accepted that deformation twinning results in an increased strain-hardening rate by the creation of twin boundaries that act as effective obstacles to dislocation glide by a dynamic Hall-Petch effect. [3] As the SFE decreases, the stacking faults get wider and cross slip becomes increasingly more difficult. In these conditions, mechanical twinning becomes a more favored deformation mode. In the low SFE range, both dislocation slip and twinning contribute to plastic strain.
The excellent strain-hardening properties of TWIP steels containing appreciable amounts of solute C, typically more than 0.5 mass pct, can, in certain cases, be influenced by dynamic strain aging (DSA). TWIP steels with a considerable amount of interstitial carbon in solid solution exhibit a serrated flow curve. It is likely that solute carbon atoms may cause DSA. Some authors have suggested that DSA resulted in the high strainhardening rates for TWIP steel. [4] Chen et al. [5] reported that DSA caused a pronounced localization of plastic deformation in Fe18Mn0.6C TWIP steel. A previous study by the present authors [6] revealed that DSA also occurred in Fe18Mn1.5Al0.6C TWIP steel even though Al additions lead to a pronounced reduction of the DSA effect by increasing the critical strain for the onset of serrations on the stress-strain curve.
Many studies have dealt with modeling the tensile behavior of TWIP steels, especially Fe22Mn0.6C TWIP steel. [3, [7] [8] [9] In these earlier studies, the contribution of DSA to the flow stress of TWIP steel was disregarded even though the occurrence of DSA was clearly visible in the published stress-strain curves. [5, 6, 10] It is therefore likely that the previous work did not provide a full picture of the deformation behavior, as nonhomogeneous deformation by repeated generation and propagation of localized deformation bands associated with DSA was not considered.
The purpose of this study was therefore to determine the contributions to stress of all the relevant deformation mechanism (viz. slip, twinning, and DSA) for an Al-alloyed TWIP steel with limited flow localization. Constitutive modeling was carried out based on the Kubin-Estrin (KE) model. [11, 12] In the KE model, the densities of mobile and relatively immobile forest dislocations are coupled as continuous immobilization of mobile dislocations occurs during straining. Concurrently, the generation of mobile dislocations occurs. The evolution of these dislocation densities, combined with the kinetics of aging by solute segregation at temporarily arrested dislocations, was used to simulate the contribution of DSA to the flow stress. In addition, in the present work, the KE model was modified to include the effect of twinning on the dislocation density evolution. To ascertain the validity of the present model, the microstructural evolution was characterized in detail by transmission electron microscopy (TEM) and electron back-scattering diffraction (EBSD).
II. MODEL DESCRIPTION

A. Dislocation Evolution Equation
It is well known that the flow stress is related to the square root of the total dislocation density, provided the flow stress is mainly controlled by dislocationdislocation interactions. The corresponding expression for the resolved shear stress s reads as follows:
where s 0 is a ''friction'' component of the resolved shear stress, a is a constant that depends on the strength of the dislocation-dislocation interaction, G is the shear modulus, b is the magnitude of the Burgers vector, and q is the total dislocation density. The Taylor factor M links the resolved shear stress s to the tensile stress r for a polycrystal through the following relation:
The Taylor factor also relates the shear strain c to the strain under uniaxial deformation e through the following equation:
Combining Eqs. [1] through [3] yields the following:
where r 0 ¼ Ms o . According to the Kocks-Mecking model, [13] the dislocation density evolution during straining results from the balance of the production and the annihilation of dislocations, expressed as follows:
where dq de describes the storage rate and
describes the rate of dynamic recovery. Here, K denotes the mean-free path of gliding dislocations and k 2 is the dynamic recovery coefficient, which is generally strain rate, temperature, and stacking fault energy dependent. With decreasing SFE, k 2 decreases, leading to an enhanced strain hardening. Considering the case when the mean-free path is controlled by both dislocation density and the grain size, Eq. [5] can be re-written as follow [13] :
where d is the average grain size and k is a constant. By combining Eqs. [4] and [6] , one can calculate the flow stress as a function of strain. However, DSA effects are not accounted for by this model. This can be achieved using the KE model, [11] in which the strain hardening is related to the evolution of two coupled dislocation densities-the mobile and the forest dislocation densities.
The following set of the differential equations describes the evolution of the two dislocation densities:
where q m is the mobile dislocation density, q f is the (relatively immobile) forest dislocation density, and e g is the plastic strain associated with dislocation glide. In these equations, C 1 specifies the magnitude of the dislocation generation term, with forest obstacles acting as pinning points for fixed dislocation sources. C 2 takes into account the mobile dislocation density decrease by interactions between mobile dislocations. C 3 describes the immobilization of mobile dislocations with a meanfree path proportional to 1= ffiffiffiffi ffi q f p , assuming a spatially organized forest structure. Finally, C 4 is associated with dynamic recovery by rearrangement and annihilation of forest dislocations by climb or cross slip. This term is generally strain-rate and temperature dependent.
We propose to modify the aforementioned set of equations in two ways. First, following the KocksMecking approach, the effect of the grain size on the mean-free path of gliding dislocations is introduced in the evolution equations of the KE model. Second, Bouaziz et al. [3] suggested that mechanical twins could be considered as impenetrable obstacles for dislocations, which should be treated on par with grain boundaries. Accordingly, the Kocks-Mecking model itself needs to be modified. We start with this modification. The expression for the twin spacing is expressed [3] as follows:
where t is the average twin spacing; e is the average twin thickness, taken to be independent of strain; and F is the twin volume fraction. In the present work, the averaging correction factor of two, proposed by Fullman [14] and used by Bouaziz et al., [3] was neglected. Indeed, as a set of parallel planar twins of identical thickness e is traversing a grain so that the areal fraction and the volume fraction of twins are the same, the factor of 2 is not necessary. By combining Eqs. [6] and [8] , we obtain the following desired modification for the Kocks-Mecking equation for the dislocation density evolution:
The twinning-related term is expected to result in a remarkable increase of strain hardening over the classical strain hardening predicted by the original KocksMecking model.
As a next step, we include the twin-related terms introduced earlier to modify the Kocks-Mecking formulation in the coupled evolution equations of the KE model. Equations [7] then assume the following form:
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In this way, the contributions of the grain boundaries and the twin boundaries to the dislocation density evolution are included. The last negative term in the evolution equation for the mobile dislocation density is associated with mobile dislocations at twin boundaries. These dislocations ''reappear'' with a positive sign in the evolution equation for stored (immobile) dislocations. Among these two effects, the latter one (viz., the additional storage of immobile dislocations) is considered to be of significance. In contrast, the last term in the evolution equation for the mobile density was disregarded in the simulations. The rationale for the exclusion was the assumption that the flux of mobile dislocations can be maintained despite the immobilization of part of their density at twin boundaries by concurrent generation of mobile dislocations at twin boundaries.
In addition to a description of the dislocation density evolution, the model requires an equation accounting for the evolution of the volume fraction of twins F with strain. The following empirical equation was chosen [8] :
where e init is the critical strain for the onset of deformation twinning. F o is the maximum volume fraction of twins and b and m are parameters that have to be determined by fitting the model to experimental results.
B. DSA
The modeling strategy for the contribution of DSA was to include it in the calculated flow stress as follows:
The flow stress r DSA stems from dislocation pinning by solute atmospheres. This component is proportional to the solute concentration on the dislocation line C s . This quantity increases with longer dislocation waiting time at localized obstacles, and thus, it is a decreasing function of the strain rate. The resulting equation for the flow stress contribution of DSA is expressed as follows [15] :
where v is a coefficient characterizing the strength of the dislocation-solute interaction, C m is the maximum attainable solute concentration on the dislocations, s c is a characteristic time of the diffusion-controlled solute segregation, and X is the elementary incremental strain obtained when all mobile dislocations accomplish a successful activation event. This quantity is easily derived from the following Orowan equation:
where _ e is the plastic strain rate and L is the average spacing between localized obstacles, which we relate to the average spacing between the forest dislocations 1= ffiffiffiffi ffi q f p . The other quantities included in Eq. [14] are t w , which is the waiting time of the mobile dislocations at localized obstacles, and t f , which is the free-flight time of a mobile dislocation between the localized obstacles.
In calculating the parameter v, which characterizes the strength of the interaction between a dislocation and the segregated solutes, only those solutes are considered to be segregated on a dislocation line and to pin the dislocations that are within the dislocation core approximated by a cylinder of radius nb around the dislocation. The value of n is slightly larger than 1. It is considered that the concentration of solutes within this cylinder is C s and that any one of them can act as a pinning point. The contribution of solutes outside of this cylinder is neglected. Then the distance L between the pinning points can be determined from the following relation
From the following force balance:
the DSA contribution to stress can now be calculated. The force required to overcome a pinning point, which is characterized by its binding energy W to the dislocation, was taken here as W/(nb), which is an order of magnitude estimate of the maximum interaction force between a dislocation and a solute atom. Combining Eqs. [15] and [16] yields The following:
Equation [17] shows that v is of the order of pW as n is of the order of unity. This implies that a dislocation will attract an atmosphere of solutes controlled by their bulk concentration C o and the binding energy, irrespective of what the spacing between the dislocations is.
III. EXPERIMENTAL
A. Material
The material used in the present study was a 1.5-mmthick sheet of FeMnAlC austenitic TWIP steel with a nominal ultimate tensile strength of 940 MPa. Slabs with a thickness of 250 mm were produced by continuous casting. After homogenization at 1473 K (1200°C) for 2 hours, the slabs were rough rolled to a thickness of 40 mm at 1273 K (1000°C), and then finish rolled to a thickness of 1.5 mm at 1073 K (800°C). The chemical composition of the TWIP steel is given in Table I . EN 10002 standard tensile test samples were machined from this material, and tensile tests with the tensile axis aligned along the rolling direction were carried out using a Zwick universal tensile testing machine with a crosshead displacement rate of 7.2 mm/min (corresponding to the nominal strain rate of 10 À3 s À1 ).
B. TEM
Microstructure analysis was done using a JEOL JEM-2100F TEM operating at 200 kV. Small disks of 3-mm diameter were cut from the center part of the tensile specimens, which were uniformly strained to 0, 2, 4, 10, and 20 pct engineering strain. These specimens were mechanically polished down to a thickness of 100 lm and then thinned by a standard electrolytic double-jet technique using a Struers Tenupol. A mixture of 95 pct acetic acid and 5 pct perchloric acid at 12°C was used as an electrolyte. Convergent beam electron diffraction (CBED) was used to determine the local TEM foil thickness. The dislocation densities were measured using the line intersection method.
C. EBSD Measurements
Samples for EBSD were prepared by standard mechanical polishing finished with a colloidal silica slurry polish. EBSD was carried out using a FEGSEM JSM7001F scanning electron microscope operating at 20 kV. The instrument was equipped with a fully automated EBSD device attachment. Data acquisition and post processing were performed using the HKL Technology Chanel 5 software. EBSD maps were obtained using a step size of 0.04 to 1 lm depending on the applied strain to study the mechanical twin formation at different strains. Pattern solving efficiencies generally varied between 75 and 90 pct, depending on the tensile strain and the step size.
IV. RESULTS
A. Dislocation Density Determination by TEM
The dislocation density, an essential quantity to ascertain the validity of the model, was measured by the line intersection method. In this method, lines with a total length L are drawn into an area A on a bright-field (BF) electron micrograph. These lines can be arbitrarily or uniformly placed, and they can be straight lines or large circles. In this study, 0.1-lm radius circles were drawn for the line intersection method. The number of intersections between these lines and the dislocations is counted and the dislocation density is calculated using the following equation:
where t FOIL is the foil thickness, which was determined by CBED. As the term suggests, in this technique, the electron beam-usually~10 to 100 nm in diameter-is convergent. The thickness measurements were conducted with only one strongly excited (hkl) reflection. TEM foil thickness was determined using the KosselMo¨llenstedt fringes in the CBED discs. Table II shows the dislocation densities determined from TEM micrographs at different strains. Dislocation densities increased from 10 13 m À2 to 10 14 m À2 as the steel was strained 20 pct. This value is comparable with the values obtained in previous dislocation density measurements. [16] [17] [18] Figure 1 shows the dislocation density as a function of strain.
B. Microstructure Evolution in the Course of Deformation
Dislocation glide is the main deformation mechanism in slightly deformed TWIP steel. [19] Figure 2 (a) shows a two-beam BF image of a 2 pct strained TWIP steel. Stacking faults emitted from a grain boundary are observed in both grains adjacent to it. The diffraction pattern was taken at the grain boundary with the electron beam close to the h111i zone axis. Figure 2(b) shows a weak-beam, dark-field (DF) image of a 2 pct strained TWIP steel, which shows long and straight dislocations dissociated in the {111} plane. Figure 3 (a) shows a two-beam BF image of a 4 pct strained TWIP steel with planar dislocation arrays. The observed dislocations were aligned mainly along the dashed line. Planar slip is common in ferrous alloys with low SFE. It is generally assumed that a low SFE is the origin of the planar slip behavior because it leads to a reduced ability of screw dislocations to cross-slip on other slip planes. [20] Several authors have argued that the occurrence of short-range order (SRO) might also cause planar slip. Indeed, multiple wide stacking faults trailed by isolated partial dislocations were observed. [21] Therefore, the deformation mechanism of TWIP steel at low strains may be associated with planar slip and the formation of wide stacking faults. Figure 4 (a) shows a TEM micrograph of a 20 pct strained TWIP steel, which provides clear evidence of deformation twinning. As shown in Figure 4( Twinning occurs only after a certain amount of initial deformation, and it requires the presence of isolated partials that trail wide stacking faults. Hence, a higher flow stress and, in addition, defects that serve as twin nuclei (e.g., isolated stacking faults) are required.
C. EBSD Observations of Deformation Microstructures
The initial microstructure of the alloy consisted of fully recrystallized grains containing numerous annealing twins ( Figure 5(a) ). The grain structure was fairly homogeneous, with an average grain size of 4.8 ± 0.5 lm. The first-order twin boundaries (R3) characterized by a 60 deg| h111i misorientation represented a significant volume fraction of the preexisting high-angle boundaries. The deformation had a significant effect on the annealing twin boundary characteristics. With straining, the twin boundaries gradually lost their coherency and their angle-axis misorientation relationships and began to deviate from the original R3 twin misorientation (example shown by a circle in Figure 5(b) ). The deviation from the P 3 twin characteristics can be regarded as a result of the interaction between the glide dislocations and the annealing twin boundaries during deformation. [22] Based on EBSD observations, most grains seemed to be free of deformation twins at a strain below 10 pct, suggesting that dislocation slip is the predominant deformation mode. At these early stages of deformation, the grains contained a high dislocation density, which increased with strain. However, a few grains contained deformation twins with one or more variants/systems as shown by the arrows in Figure 5(b) . The twins had an angle-axis misorientation relationship of 60 deg ± 5|h111i with the neighboring grain (i.e., similar to annealing twins). These deformation twins could, however, be differentiated from annealing twins based on their morphology and size. They mainly nucleated on grain boundaries and propagated across the grains ( Figure 5(b) ). The thickness of deformation twins is approximately 20 nm. This thickness is less than the spatial resolution available in EBSD, and consequently, the deformation twins could not readily be indexed. The image quality maps, which are based on the quality of the electron back-scattering patterns, could be used to reveal the deformation twins ( Figure 5(b) ). In Figure 5(b) , the regions delineated by red lines correspond to regions with multiple well-aligned deformation twins of a given orientation.
The deformation twinning was not observed in all grains. The number of twinned grains progressively increased with strain ( Figure 6 ). The fraction of twinned grains (i.e., the ratio of the number of twinned grains to the total number of grains) was estimated using the results obtained from EBSD measurements covering more than 50 grains at different strain levels. Interestingly, some grains were still free of deformation twins even at fracture (i.e., a true strain of~0.55 or more) and deformation twinning was not occurring uniformly throughout the microstructure.
D. Constitutive Modeling
Most current models of the strain-hardening behavior of high Mn TWIP steel assume homogeneous twinning. This assumption is not valid. The actual deformation microstructures observed with TEM and EBSD have revealed an inhomogeneous twinning behavior, with not all grains participating in the deformation twinning process. Because the grains exhibit different levels of twinning depending on their orientation and the local amount of strain, a more detailed description of deformation microstructure must be used. To describe the deformation behavior more accurately, the grain population is divided into twinned grains and twin-free grains, and the true stress vs true strain curve is described in terms of the following rule of mixtures:
where f = f(e) is the strain-dependent average fraction of twinned grains, r twinned is the average flow stress in twinned grains, and r twin-free is the average flow stress in twin-free grains. For twin-free grains, the original KE model, corrected for the grain size effect, can be used. Equation [7] of the model is thus rewritten as follows:
In the case of twinned grains, their deformation before and after the critical strain for the onset of deformation twinning must be considered. Hence, in our simulations, the original KE model including the contribution of the grain boundaries was used for strains below the critical one, whereas from the critical strain onward, Eq. [10] was applied to take into account the effect of deformation twinning on dislocation density evolution.
The coefficients C 1 , C 2 , C 3 , and C 4 were obtained by least-square fitting of the dislocation density calculated for twin-free grains to the experimental data obtained by TEM. This approach is reasonable because the dislocation density measurement was carried out for twin-free grains. In the model description of twinned grains (Eq. [10] ), deformation twinning was a major contributor to an increase in the dislocation density. Figure 7(a) shows the simulated mobile and forest dislocation density as a function of true strain. The initial mobile dislocation density and forest dislocation density were chosen to be 10 13 m À2 and 5 9 10 13 m À2 , respectively. This matches well with the measured initial dislocation density of 6.37 9 10 13 m À2 . The mobile and forest dislocation density increased continuously toward a saturation value. The saturated density of mobile dislocations and forest dislocations was 1.06 9 10 14 m À2 and 6.99 9 10 14 m À2 , respectively. Figure 7 (b) shows the quality of the fit of the calculated dislocation density to the measured one. The calculated dislocation density is the sum of the mobile and the forest dislocation densities. The least-square fitting of the dislocation density curves yielded the values for C 1 , C 2 , C 3 , and C 4 , which are listed in Table III . Figure 8 (a) shows a comparison between the experimental true stress vs true strain curves and the model calculations for the twin-free grains. The flow stress, which was calculated using Eq. [12] , included the contribution of the DSA. As expected, the calculated flow stress of the twin-free grains alone was lower than the experimental flow stress. The strain-hardening rate showed a tendency to continuously decrease as a function of true strain in the absence of deformation twinning as shown in Figure 8 (b) ( Table IV) . The variation of the mobile and the forest dislocation densities with strain for the twinned grains is presented in Figure 9 (a). Like for the twin-free grains, the initial density of mobile and forest dislocations were set at 10 13 m À2 and 5 9 10 13 m À2 , respectively. The mobile and forest dislocation densities show a tendency to continuously increase, saturating at 3.95 9 10 14 m À2 and 5.82 9 10 15 m À2 , respectively. Figure 9 (b) displays the average volume fraction of twins in the twinned grains as a function of true strain. Based on TEM observations, the critical strain for the onset of deformation twinning in Eq.
[11] e init was chosen to be 0.04. Thus, the twinning kinetics in the twinned grains could be fitted to the following equation for the volume fraction of twins:
The average volume fraction of twins exhibits a sharp initial increase and saturates at a strain of approximately 0.3. The maximum volume fraction of twins was around 0.15. Even though the predicted volume fraction of twin shows a saturation at a strain of e~0.3, in reality twinning structures inside the grains were still developing slowly beyond that strain because of the occurrence of secondary twinning beyond this strain level. This effect was not taken into account in the present work. Figure 9 (c) shows a comparison between the overall experimental true stress vs true strain curve and the model prediction for the twinned grains taken in isolation. The flow stress obtained for the twinned grains is much higher (around 1740 MPa) than the measured values. Figure 9 (d) shows the strain-hardening rate for twinned grains as a function of true strain. A sharp increase occurs in the strainhardening rate at the onset of deformation twinning, as well as a gradual decrease as the deformation proceeds.
During tensile deformation of C-alloyed TWIP steel, the localization of plastic strain by the formation of Portevin-Le Chatelier deformation bands is initiated when a critical strain is reached. The present model does not take into account localized deformation, as homogeneous microstructure evolution and uniform deformation were assumed. Despite this limitation, the average contribution of DSA to the flow stress of TWIP steel was calculated using Eq. [12] . This effect was also considered separately for the twinned grains and twinfree grains. Figure 10 (a) displays the strain dependence of X, the elementary incremental strain obtained when all mobile dislocations accomplish a successful activation event, for the twinned and the twin-free grains. As the forest dislocation density in twinned grains increases sharply once the critical strain for the onset of deformation twinning is reached, X, which is inversely proportional to the square root of forest dislocation density, drops off. As shown in Figure 10(b) , r DSA as a function of true strain for both the twinned grains and the twin-free grains is strongly dependent on X. The maximum contribution of DSA to the flow stress mainly depends on the carbon solute-dislocation binding energy W. Blanter et al. [23] have determined that the carbon-dislocation interaction energy in a-Fe was equal to 0.8 eV. This finding is considerably higher than the more plausible value of 0.015 eV found for Fe-Ni austenite. [23] Using 0.015 eV as the value for the carbon solute-dislocation interaction energy, the maximum contribution of DSA to the flow stress is estimated at about 20 MPa. The same value for W was used for both twinned and twin-free grains because the carbon solutedislocation interaction energy should not be sensitive to deformation twinning. As a result of interplay between both dislocation densities, which determine the strain dependence of X, the maximum contribution of DSA in the twinned grains is perceived to be higher than that in the twin-free grains. The fraction of twinned grains is shown in Figure 11 (a) as a function of true strain as measured by EBSD. The measurement data were fitted to the following second-order polynomial function: y = -2.8985x 2 + 3.3035x -0.1443. Using Eq. [19] , the flow stress of the material considered as a mixture of twinned grains and twin-free grains was calculated as seen in Figure 11 (b) using the parameter listed in Table IV . The simulated stress-strain curve exhibits excellent agreement with the experimental data. A comparison of the experimental and calculated strain dependences of the strain-hardening rate is given in Figure 11(c) . Again, the calculated and the measured curves show good agreement. The predicted dip in the curve (dashed line) is not observed in the experimental data, but it has been observed in another study conducted on a similar material and reported in our recent work. [24] V. DISCUSSION
A. Strain-Hardening Behavior of the Twin-Free Grains
Dislocation slip is the main deformation mechanism in the twin-free grains, and forest dislocations, and grain boundaries are the main obstacles for dislocation glide. In polycrystalline materials that deform by slip alone, the strain-hardening response is a result of dislocation storage and concurrent dynamic recovery. The latter determines the predominant stage of strain hardening (Stage III). During dynamic recovery, the strain-hardening rate continuously decreases, which is followed by a regime of an almost constant but low strain-hardening rate (Stage IV). [13] B. Strain-Hardening Behavior of Twinned Grains For twinned grains, plastic deformation occurs by both slip and twinning, and deformation twins influence the strain-hardening behavior by acting as effective barriers to dislocation motion. Twinning kinetics is a key factor that controls the flow stress in TWIP steel. Shiekhelsouk et al. [9] developed a detailed, physically based, micromechanical model incorporating elastoviscoplasticity, to obtain a constitutive model for Fe22Mn0.6C TWIP steel using a randomly oriented representative volume element of 800 grains. They report that the twinned volume fraction is dependent on the grain orientation, and give a value for F that is less than 0.08 for a strain of 0.4. In the present study, the predicted saturated twinning fraction inside the twinned grains was approximately 0.15. Even though many grains showed twinning near fracture, the volume fraction of deformation twins remained small as the twins were very thin. As the twinning contribution to the total plastic shear strain is limited, the high ductility of TWIP steel is mainly caused by the high strain-hardening rate caused by the dislocation-twin interaction that retards local necking. Several researchers found that twin boundaries can serve both as strong barriers to dislocation movement and as dislocation emission sources. [25, 26] The latter process has not been observed in the present study directly, but was tacitly used in dropping the last term in the evolution equation for the mobile dislocation density in Eq. [10] . This issue may require a more detailed microstructural study. 
C. DSA Stress
The contribution of DSA to the flow stress was modeled assuming that a dislocation will attract an atmosphere of carbon controlled by its bulk concentration and the dislocation-solute binding energy. The flow stress could be represented as an additive combination of the stress to overcome the localized obstacles associated with forest junctions and the stress stemming from additional pinning by carbon atmospheres. The model calculations show, however, that the contribution of DSA to the flow stress is minor. This result hinges on the choice of the carbon-dislocation binding energy value, but is consistent with the fact that the stress increment resulting from static strain aging, which is related to the pinning of dislocations by diffusing solute atoms during the aging time, has also been reported as being a minor influence in this material. [27] VI. CONCLUSIONS
The tensile behavior of an Al-alloyed high manganese FeMnAlC TWIP steel with a relatively high SFE was modeled based on the KE model, which was modified to include grain size and twin spacing effects. The contributions of all relevant deformation mechanisms, including dislocation glide, twinning, and dynamic strain aging, were taken into account in the model. As twinning occurred only in a subset of the grains, it was proposed to subdivide the grain population into twinned grains and twin-free grains and to use different constitutive equations for these two families of grains. The true stress vs true strain curve for the TWIP steel was calculated using a rule of mixtures for this, effectively two-phase, system.
The main conclusions of the present work are as follows:
1. Dislocation density measurements, essential as input in simulation of tensile behavior, were made with the TEM line intersection method. 2. The calculated flow stress of Al-added TWIP steel, based on the physically motivated constitutive model used, showed a good agreement with the experiment. 3. The strain hardening of TWIP steel is mainly determined by dislocation glide and twinning, in which twins act as effective barriers to dislocation motion. 4. Dynamic strain aging was a minor contributor to strain hardening. 
